Abstract-In this paper, a method to estimate position and orientation of a mobile system in an indoor scenario is described. The proposed method for localizing the mobile system is based on the use of signal strength values of WLAN access points in range. A radio map based method and Euclidean distance in combination with Delaunay triangulation and interpolation is proposed. The radio map method is divided in two phases. In the initial calibration phase, the radio map is built by moving around and storing signal strength values of an omnidirectional antenna and a beam antenna at various predefined points of the indoor environment. In the localization phase the mobile system moves in the same environment and the localization engine estimates position and orientation of the system. The main disadvantage of radio map based methods is the high manual effort to build the map in the calibration phase. The use of Delaunay triangulation and interpolation allows a radio map with a low density of calibration points and reduces the time for manual generation of the map. The paper presents the experimental results of measurements in an office building.
I. Introduction Navigation is a key ability of mobile systems. The task of navigation can be divided into localization and path planning. Aim of localization is to estimate position and orientation of a mobile system with respect to its environment. The problem is called global localization, if there is no priori estimate of position and orientation.
Nowadays mobile systems often are equipped with IEEE 802.11 WLAN adapters, in order to communicate with computers or other mobile devices. Furthermore, many buildings are already equipped with an IEEE 802.11 WLAN infrastructure, as a popular and inexpensive technology. Most WLAN adapters are able to measure the signal strengths of received packets, as part of their standard operation. The signal strengths of received packets vary noticeably by changing the position. Thus, the signal strength can be used to estimate the position of a mobile device by cheap technology.
Several methods for localization in WLAN environments have been developed. In [1] a radio map and a Bayesian algorithm is used to estimate the position of a mobile system. Other Approaches uses Kalman filters [2] , MonteCarlo algorithms [3] , statistical learning [4] or Fuzzy [5] , [6] to improve the accuracy of the estimation. All of these methods estimate only the position, but not the orientation of the mobile system. In this paper, the problem of global localization is solved using the WLAN infrastructure in an indoor scenario. It extends the existing WLAN localization techniques in two ways. First, it describes a technique for estimating the orientation of a mobile system. A measured set of signal strength values of an omnidirectional antenna and a beam antenna is compared with a radio map in order to estimate position and orientation of a mobile system. Second, Delaunay triangulation and interpolation is proposed in order to reduce the density of the calibration points in the radio map and thus minimizing the manual effort to build the map.
II. Position Estimation in a WLAN
Different techniques exist to locate a mobile device in a wireless network. The general techniques can be described as follows [7] : 
B. Modeling of Signal Strength
The propagation model of RSS depends on the free space loss of the signal. The free space loss F is defined as
where P Rx is the power of the received signal, P Tx is the power of the transmitted signal, c is the speed of light, f is the frequency of the signal, d is the distance to the sender and λ is the wavelength of the signal. Equation (1) can be expressed in logarithmic scale:
where the unit of f is MHz and the unit of d is km.
In an indoor environment, where multi path effects occur, equation (2) leads to the log distance path loss model [8] ,
where P 0 is the RSS at the distance d 0 and γ is the path loss exponent. Parameters P 0 , d 0 and γ have to be adapted to the geometry of every room in the building. The propagation model is sensitive to disturbances as reflections, diffractions and multi-path effects. The signal propagation depends on building dimensions, obstructions, partitioning materials and surrounding moving objects. This problem makes the use of a propagation model for accurate localization in an indoor environment almost impossible.
IV. Localization approach
The proposed method for localizing the mobile robot is based on the use of RSS values of WLAN APs in range. A radio map based method and Euclidean distance in combination with interpolation is used, because of the described reasons. A measured set of RSS values of the omnidirectional antenna and the beam antenna is compared with the radio map. The radio map is built in an initial calibration phase and contains measured sets of RSS values at various predefined points (x, y, θ). In the experiments, four orientations (0
• ) at every position are stored. In the localization phase, RSS values of several APs are recorded and compared with the radio map. One observation in both phases consists of RSS values of both antennas and all APs. Values of APs out of range are set to a minimal value c min = −100 dBm.
A. Euclidean distance
The Euclidean distance is a metric to compare the observations of the localization phase with the radio map. The Euclidean distance between two points P = (p 1 , p 2 , . . . , p n ) and Q = (q 1 , q 2 , . . . , q n ), is defined as:
In WLAN localization the calibration data are compared with the measured data:
where c
is the RSS value of AP i at point j in the radio map, s AP i is the measured RSS value of AP i and n is the total number of APs. The Euclidean distance d j is a metric for the distance between the calibration data c AP i j and the measured data s AP i . After calculating d j for all calibration points, there will be at least one point with minimal d j . One approach is to declare this point to be the estimated position and orientation of the mobile system. The accuracy of this method depends beside other factors on the density of the underlying grid of calibration points.
The proposed method for estimation of position and orientation uses interpolation in order to reduce the density of the calibration grid. The set of points (x i , y i , θ i ) in the database is arranged by the Euclidean distance. The estimated orientationθ is interpolated with values of the beam antenna. The orientations are weighted and interpolated vectorial:θ
where J is the number of weighted orientations (with least Euclidean distance) and d j is the Euclidean distance between measured RSS values from the beam antenna and stored RSS values in the radio map. The function atan2 is used in order to interpolate the orientation in the range from −π to π. Interpolation of the estimated orientation allows a relatively low density of orientations in the calibration phase. In the experiment, only four orientations (∆90
• ) are stored in the database for every location.
B. Interpolation of the position with lines of constant signal strength (isolines)
The main problem of radio map based localization systems is the manual generation of the map [9] . In order to reduce the manual effort to build the map, the density of calibration points should be as low as possible [10] . Thus, the interpolation of the estimated position is proposed. In this case a lower density of calibration points is possible. The interpolation is based on Delaunay triangulation and lines of constant signal strength (isolines). For interpolation purposes of the position only the signals of the omnidirectional antenna are used. With Delaunay triangulation a network of triangles for a set of points (nodes) in the plane is developed, such that no point is inside the circumcircle of any triangle [11] . The nodes are represented by the calibration points. Fig. 2 shows the Delaunay triangulation of an office floor, where the experiments are performed. Given a measured RSS value of one AP, triangles whose nodes show RSS values higher and lower than the measured value can be selected. Linear interpolation between node values within the triangle delivers a more detailed radio map consisting of a surface of interpolated RSS values over the triangle. Moreover, it is possible to calculate an interpolated line of constant RSS (isoline) within the triangle and in the whole area of triangulation. Fig. 3 shows the isolines of AP 1 , Fig. 4 shows the isolines of AP 2 . Given two RSS values of different APs it is possible to select triangles whose interpolation surfaces include the according isolines. If there is an intersection of both isolines, the intersection point within the triangle can be calculated. Fig. 5 shows the merged radio map for AP 1 and AP 2 . There are two points of intersection in the radio map for this measurement. The estimated position (x,ŷ) is calculated with weighted points of intersection:
where w i is the weight of intersection x i , y i and N is the total number of intersections. Experiments have shown, that measuring positions closer to APs are more reliable than those in larger distance (see Fig. 1 ). Hence, the weight w i of intersection i is calculated with the RSS values of the crossing isolines:
with s min = −100 dBm (8) where s i,1 and s i,2 are the RSS values of the isolines at intersection i and s min is the lowest possible RSS value.
The test bed is characterized by a coarse grid consisting of triangles of large sizes (Fig. 2) . The existing WLANinfrastructure was used for the measurements. Triangles are set up by a Delaunay triangulation using calibration points as nodes of the triangles. Fig. 2 shows some unsuitable triangles, e.g. triangles covering an area outside the building. Thereby triangles and points of intersection had to be eliminated from the calculation of the estimated position. The elimination of points of intersection was performed using an acceptance circle. As center of this circle the balance point of a most 'suitable' triangle was assumed. For each triangle the sum of the Euclidean distance of the RSS values of the triangles three nodes are calculated. The triangle with minimal s was assumed to be the 'best' triangle. The largest edge of this triangle was taken as radius of the circle. All intersection points outside of the acceptance circle were excluded from the weighted mean calculation (Fig. 6 ). Filled circles represent calibration points. Lines with numbers show 
V. Experimental Setup

A. Hardware
The experiments are carried out with a mobile robot Pioneer3-AT manufactured by ActivMedia (Fig. 8) . The robot is equipped with an embedded computer for real time robot control and an additional PC with two WLAN cards for communication and localization. One WLAN card is connected to an omnidirectional antenna, the other card is connected to a beam antenna. The directionality of the beam antenna is used to estimate the orientation of the robot.
B. Software
A robot server is included in the operating system of the embedded computer. It manages the low-level tasks of robot control and operation, including motion and odometry. For programming purposes ActivMedia provides the toolkit ARIA (ActivMedia Robotics Interface for Application) [12] . ARIA provides an interface to control the robot's velocity, orientation, relative orientation, and provide detailed information about odometry and operating conditions from the mobile robot.
The operation system on the PC is SuSE Linux, which offers support for wireless communication by the wireless extension (WE). WE is an application programming interface The software is divided into three parts: a localization engine, a graphical user interface (GUI) and a database module. The GUI is used for monitoring the information to the user (Fig. 7) . where the variation of the RSS values over the heading of the robot is small. This leads to a larger estimation error in the heading, when the robot moves near to this position.
VII. Conclusion and Further Work
This paper has presented a method for estimating position and orientation of a mobile system. The method is based on a radio map and uses RSS values of WLAN APs in range. In order to reduce the density of calibration points in the radio map, Delaunay triangulation is used to interpolate the position of the mobile system. The density of calibration points is much lower compared to other methods published in the literature. This reduces the manual effort to build the map significantly. Furthermore the estimation of the orientation of a mobile system with the help of a beam antenna was presented. The orientation is estimated using Euclidean distance and interpolation. Since the accuracy of the estimation depends highly on the positions of the APs in the environment, the placement of the APs has to be optimized, in order to get a good and reliable position estimation.
In future work the accuracy of the estimation should be improved by using a Kalman filter or a Monte Carlo particle filter. Furthermore the accuracy may be improved by fusion with position information obtained from other sensor e.g. odometry, sonar or laser.
